The sequential replication of bacterial chromosomes has now been unequivocally demonstrated.
Evidence has been accumulated from several experimental systems, such as those described in the prophage experiments of Nagata (1963) , the autoradiographic studies of Cairns (1963) , and in the experiments of Jacob, Brenner, and Cuzin (1963) with sexual recombination in Escherichia coli. In the case of Bacillus subtilis, evidence for the sequential replication of the chromosome was obtained by experiments based on the comparison of marker frequencies in deoxyribonucleic acid (DNA) preparations from the exponential-and stationary-growth phases, by use of genetic transformation Sueoka and Yoshikawa, 1963; Yoshikawa, O'Sullivan, and Sueoka, 1964) . According to the model used by these authors, the chromosome replicates in a single sequential order. The frequency of each marker in the exponential phase should then be a function of its location on the chromosome. The nonreplicating chromosomes in the stationary phase should give uniform frequency of all markers. The DNA from stationary-phase cells was used accordingly to provide the standard for measuring marker frequencies in the exponentialgrowth phase by genetic transformation.
Genetic transformation in Neisseria meningitidis, which was formerly confined to the use of drug-resistance markers (Catlin, 1960; Catlin and Schloer, 1962) , has more recently been extended to the use of nutritionally deficient mutants (Jyssum, 1965; Jyssum and Lie, 1965a) . It has been found that, in any competent N. meningitidis clone, units appear which have completely lost the capacity of being transformed. The difference between the competent and the incompetent variant points to a difference in the genotype. The high frequency with which competence is lost and the apparent lack of reversion to competence was taken to indicate that the genetic determinant of competence could be of the plasmid type (Jyssum and Lie, 1965b ). This paper presents experiments which were performed to study the replication of the chromosome of N. meningitidis. The experiments were devised according to the principles evolved by Yoshikawa and Sueoka (1963) for the purpose of finding out whether a difference exists between the chromosome replication of the competent and the incompetent variant of N. meningitidis.
MATERIALS AND METHODS
Bacterial strains. The wild-type strain Ml, originally isolated from the cerebrospinal fluid of a patient in Norway (Jyssum, 1956) , was used as the starting material. Nutritionally deficient mutants were obtained as previously described (Jyssum, 1965; Lie 1965a) . The streptomycinresistance marker (str-r) is a single-step, highlevel resistant mutant of the sensitive strain (str-s). Genetically competent (cp+) and geneti-CHROMOSOME REPLICATION IN N. MEENINGITIDIS his-arg-cp+; Ml-5 his-thr-cp+; M1-48 his-cys-cp+; M1-6 his-pro-cp+. The double mutants were all obtained from the single mutant M1-12 his-cp+ by means of the mutagen nitrous acid (Lie, 1965a) .
Media. Blood-agar plates and Heart Infusion Broth (HIB; Difco) agar plates were used as solid complete media. Fluid complete medium was Brain Heart Infusion (BHI; Difco) broth. The basal media were those previously described (Jyssum, 1965) .
DNA preparation. The wild-type strain Ml was used as donor in most experiments in which the str-r marker was not included. Streptomycinresistant DNA (str-r DNA) was isolated from the single-step, high-level resistant mutant. In many experiments, a nutritionally deficient mutant (leuj) was used for the preparation of DNA. With this marker it was possible to check the presence or absence of the genetic determinant of competence in the strain serving as a DNA donor, even when the strain was str-r (Jyssum and Lie, 1965a) .
DNA samples were prepared from 12-ml batch cultures in various growth phases. Growth took place in complete medium, and with continuous shaking. The flasks were provided with a side arm which permitted the reading of absorbancy. To stop further DNA replication, cells were heated to 56 C for 15 min immediately after sampling. They were chilled in ice water, centrifuged, and resuspended in NaCl-citrate buffer (0.14 M NaCl plus 0.015 M sodium citrate). Sodium dodecylsulfate (0.15 g) was added. The suspension was incubated at 56 C for 10 min and left at room temperature for 30 min. DNA was next prepared essentially by the method of Marmur (1961) as previously reported (Lie, 1965b) .
Transformation. Transformation was performed according to the methods previously described (Jyssum and Lie, 1965a; Lie, 1965c) .
Phenotypically competent cells were obtained by growing the recipient strain in BHI broth and following the absorbancy (Lie, 1965c) to the desired growth phase. The transformation system was the following: DNA dilution in NaCl-citrate buffer, 0.2 ml; HIB with CaCl2 (0.005 M), 1.6 ml; receptor-cell suspension in BHI broth, 0.2 ml.
Transformation was allowed to take place for 45 min, and then was stopped by addition of deoxyribonuclease to a final concentration of 5,g/ml. When selecting for biochemical markers, platings were performed on appropriately supplemented basal plates which, in addition, contained 0.5% BHI broth. Under these conditions, auxotrophs form microcolonies while prototrophs develop into complete colonies. Such an addition is necessary to obtain complete phenotypic expression of these transformations in N. meningitidis (Jyssum, 1965; Jyssum and Lie, 1965a; Lie, 1965a) . Selection of transformations for str-r was carried out with the technique previously described (Jyssum and Lie, 1965a; Lie, 1965c Sueoka and Yoshikawa, 1963 Mapping of markers by frequency distribution in genetically incompetent meningococci (cp-strains).
The relative ratios of several markers to that of VOL. 90, 1965 the his marker were determined. Table 2 shows that all the markers tested seem to be "in front of" his. The ratio between arg and his is close to two, which is the maximal ratio predicted by the model of Yoshikawa and Sueoka (1963) . The genetic map shown in Fig. 1 was next constructed by calculating the position x of each marker from the exponential phase, by use of the "mapping function." The data obtained with the incompetent strain (cp-) indicate that a polarity exists in the replication of the chromosome of N. meningitis in the way the arg marker is located near the point of the origin, from which the chromosome starts replication, and in the way the his marker is near the terminus. It would be of interest to find out whether linkage exists between the markers examined. For technical reasons we were not able to examine any linkage between pro, gly, and thr. On the other hand, each of the other markers was examined with regard to linkage to the markers str-r and his. No linkage was found between his and any one of the other markers, nor between str-r and the markers thr, gly, or pro. However, it was shown (Table 3) that the cys marker is about 2% linked with the marker str-r; i.e., approximately 2% cotransformation takes place, independently of the DNA concentration (Jyssum and Lie, 1965a; Nester and Lederberg, 1961) .
Mapping of markers by frequency distribution in genetically competent meningococci (cp+ strains). It has been found that competent variants of the N. meningitidis strain Ml contain a genetic determinant, the cp factor, which seems to be absent from the incompetent variants (Jyssum and Lie, 1965b) . This competence factor may be thought to exert its phenotypic effect on the suface of the cell, thus permitting the DNA to penetrate, or it may be thought to have some effect on the chromosome replication, favoring an incorporation or a copy-choice. It may also have both effects. In It has been suggested that the cp factor in N. meningitidis may be of the cytoplasmic type (Jyssum and Lie, 1965b) . Cytoplasmic factors are known to have significant effects on chromosome replication in several other systems. Nagata (1963) found that lambda prophage replication in an F-strain was without polarity in synchronized cultures, whereas typical polarity was observed in an Hfr strain of E. coli K-12. This might mean Yoshikawa and Sueoka (1963). of the recombination system (Jacob et al., 1963) . The chromosome replication of strain W 168 of B. subtilis is quite different from that of strain W 23 Yoshikawa et al., 1964 ). An apparent nonpolar behavior of strain W 168 has been found to arise from a less rigid regulation of chromosome replication rather than from the mode of replication, i.e., origin and direction of replication (Yoshikawa et al., 1964) . Another difference between B. subtilis W 168 and W 23 is that the former is transformable, whereas the latter is not. Thus, competence may be associated with a change in chromosome replication to a less rigid pattern.
Chromosome replication in the incompetent variant (cp-strain) was described above. Similar mapping of the chromosome in the competent variant (cp+ strain) is shown in Table 2 and Fig. 1 . It was our original theory that the presence of the cp factor should result in a randomization of chromosome replication, or at least in a simulation of randomization under the conditions of the assay (Yoshikawa et al., 1964) . The results of the first experiments were thus disappointing since they showed that str-r, arg, cys, and pro were still regularly "in front of" his. It was also noted, however, that the relative ratios between the markers seemed to have been changed. This was particularly pronounced for the relative ratio of arg-his, which was changed from nearly 2 to little more than 1. This is far more than what could be expected from the experimental error. The impression that a change had occurred in the mode of replication was further supported by the analysis of the markers thr and gly. Table 2 shows that 2.2 X 103 1.9 X 103 3.2 X 103 0 5.6 X 10 0 0 2.5 0 * The transformation system was similar to that described in Materials and Methods. The systems contained 4.5 X 107 units of the receptor strain, the double mutant M1-48 his-cys-cp+. DNA was obtained from the wild-type strain Ml str-r and contained 50 /Ag/mi. The transformant classes were counted on str agar (str-r), his plates (for cys+), cys plates (for his+), and basal agar media (for cys+his+). Cotransformation with str-r was scored on at least 400 clones transformed to str-r (Jyssum and Lie, 1965a) . Cotransformation between cys and his was calculated according to Nester and Lederberg (1961) . these markers are "behind" his in the cp+ strain, whereas they were "ahead of" his in the cp-variant. DIscussIoN The work of Yoshikawa and Sueoka (1963) indicated that a significant difference exists between a competent and an incompetent variant of B. subtilis. Thus, at the start of the present experiments, it was considered important to find out whether similar difference could also be demonstrated in the N. meningitidis system. To obtain comparable results, the technique, as well as the theoretical considerations from the experiments with B. subtilis, was closely followed. It should be emphasized that the discussion of the data obtained has primarily been based on the assumption that the model presented by Yoshikawa and Sueoka (1963) of an oriented sequential replication of the chromosome is a valid one. The equation employed for the mapping function assumes the simplest model, i.e., that replication starts only from a single point. Alternative explanations for the data are possible. However, results obtained by autoradiography (Cairns, 1963) , and by sexual recombination (Jacob et al., 1963) in E. coli, indicate that replication may start only from a single point, at least under certain conditions.
The results presented are compatible with the assumption that a polarity exists in the chromosome replication of N. meningitidis. It is of course conceivable that DNA heterogeneity, with respect to mechanical or thermal destruction, could result in differences in marker frequencies in various isolates of DNA. The identical findings with many DNA preparations, and the reproducibility of the relative frequencies, however, are difficult to explain from such theories.
In the present work, a difference was observed between the cp-and the cp+ strain in the experimental system employed. The nature of this difference seems to differ from that found between the competent and the incompetent variant of B. subtilis . According to the theoretical model, the special situation in the competent B. subtilis strain W 168 arises from a less rigid regulation of chromosome replication, rather than from a difference in the mode of replication (Yoshikawa at al., 1964) . In N. meningitidis, the situation appears to be different since the competent strain still has a wellregulated, polar chromosome replication. However, the direction and origin of replication seem to have been changed. It has been postulated that competence in N. meningitidis may be due to the presence in the cell of a cytoplasmic particle (Jyssum and Lie, 1965b) . From the mode of transfer of several Hfr strains of E. coli (Jacob et al., 1963) , it is known that attached cytoplasmic particles may result in chromosome replication with various origins and in different directions.
In the species most thoroughly examined, i.e., Diplococcus pneumoniae, Haemophilus influenzae, and B. subtilis (Stuy, 1962; Ravin, 1961; Anagnostopoulos and Spizizen, 1961) , competence develops in the latter part of the exponentialgrowth phase and in the early stationary phase.
In B. subtilis, Nester (1964) has made some observations indicating that the competent cell is not growing and multiplying. This hypothesis was, in part, based on the observation that competent cells are penicillin-resistant, whereas incompetent ones are not. Such a difference has not been detected between competent and incompetent cells of N. meningitidis (Lie, 1965d) . Furthermore, it has been found that meningococci are capable of being transformed throughout the regular growth cycle. The highest transformation frequency is obtained in the early logarithmic growth phase. The degree of phenotypic competence in N. meningitidis seems to be directly related to the metabolic activity of the cells (Lie, 1965c) . These findings indicate some fundamental difference between the transformation system of N. meningitidis and those of the other bacteria referred to. It may be assumed that a competent strain must exert some "abnormality" in the replication of its DNA to permit the transformation to take place. In B. subtilis this could be a less strict regulation of chromosome replication, whereas in N. meningitidis it could be a change of origin and direction of replication. Whereas the difference between the regulation of DNA replication of the competent and the incompetent variant of B. subtilis seems to be most pronounced in the late logarithmic and stationary phase of growth (Yoshikawa et al., 1964) , the difference between that of the competent and the incompetent variant of N. meningitidis is present during all growth phases. Thus, the periods in which competence is phenotypically expressed seem to coincide with the periods in which the "abnormality" of the chromosome replication is prevalent.
It seems as if the two chromosome charts which have been presented in Fig. 1 may be combined to give a circular chromosome analogous with those found in other progenote systems sufficiently examined. In the cp-strain, the chromosome may be replicated from an origin located in front of the marker arg. In the cp+ variant, the origin appears to be in another location immediately in front of the marker pro, although the replication takes place in the opposite direction. It should be stressed that the chromosome charts 
